Epidemiologic studies require identification or typing of microbial strains. Macrorestriction DNA mapping analyzed by pulsed-field gel electrophoresis (PFGE) is considered the current gold standard of genomic typing. This technique, however, is difficult to implement because it is labor-intensive and difficult to automate, it requires a long time to obtain results, and results often vary between laboratories.
Microbial strain typing is important in many situations, such as epidemiologic investigations of infections in food-borne outbreaks, hospital-and community-acquired infections, or the identification of antibiotic-resistant strains. The preferred approach is genotyping (1 ) , which is commonly performed by macrorestriction digestion of genomic DNA with a rare-cutting restriction endonuclease (2, 3 ) . Large DNA fragments of a bacterial chromosome are then analyzed by pulsed-field gel electrophoresis (PFGE) 4 to produce an unlinked digestion pattern. Macrorestriction typing can differentiate many closely related strains and may even predict antibiotic susceptibility (4 -6 ) . No sequence-derived information is extracted from restriction fragments, however, and no information is obtained on the order of fragment linkage. Therefore, the method cannot detect accidental coincidence in fragment size (7 ) , nor can it accurately confirm relationships between strains with multiple differences. Additionally, PFGE is time-consuming, is difficult to automate, and is subject to intra-and interlaboratory variation (4, 8 -10 ) .
Many of these disadvantages are alleviated in optical mapping (11, 12 ) . In this technique, the genomic DNA fragments retain their order after restriction endonuclease digestion and cover a larger portion of the genome. As with any single-molecule interrogation technique, optical mapping requires small quantities of material-several hundreds of genomes. In its present form, however, optical mapping has a limited throughput because of required manual manipulations as well as computation-intensive data analysis.
Direct linear analysis (DLA) is a more recent single-molecule DNA-mapping technique. Similar to macrorestriction mapping, it provides lengths for long restriction fragments (13) (14) (15) . In addition, DLA provides maps of hybridized fluorescent tags within these fragments as contiguous patterns. DLA mapping and optical mapping provide similar resolutions, but DLA maps are more information rich. They even carry information about unresolved tags, which produce a peak of higher intensity that is proportional to the number of hybridized tags. Moreover, because DLA uses restriction DNA fragments, the sample includes multiple copies of the same fragments, therefore simplifying and accelerating analysis.
Staphylococcus aureus is a common human pathogen associated with a variety of infections (16, 17 ) . Because of the large number of pathogenic strains and varying antibiotic resistance, identification of S. aureus as the causative agent of infection is insufficient for choosing the proper antibiotic regimen. Additionally, the ability to perform strain typing "in house" would aid hospitals and long-term care facilities in controlling infections associated with endemic populations of hospital-acquired methicillin-resistant S. aureus (18 ) . In this work, we used DLA to type 71 different strains of S. aureus. Some of these strains have previously been characterized; others were recently isolated in a hospital.
Materials and Methods

S. AUREUS STRAINS
Sequenced and PFGE-typed strains were obtained as gifts from the Network on Antimicrobial Resistance in Staphylococcus aureus (NARSA, Chantilly, VA) program, which is supported under the National Institute of Allergy and Infectious Diseases, NIH contract no. HHSN272200700055C (see Table 1 in the Data Supplement that accompanies the online version of this article at http://www.clinchem.org/content/ vol55/ issue12. Strain SA113 was obtained from the ATCC. Fifty-two clinical isolates recovered during May  and June 2008 (MA1124 -MA1160, MA1165-MA1174, MA1227-MA1230, and MA1233) were provided by the clinical microbiology laboratory of Mount Auburn Hospital (MAH), Cambridge, MA, along with the antibiotic-susceptibility testing profiles as outlined by CLSI guidelines (19 ) (see Table 2 in the online Data Supplement for details).
MACRORESTRICTION MAPPING OF GENOMIC DNA
Cells were processed according to a previously described protocol (4 ) . DNA in agarose gel plugs was digested with either SmaI (Promega) or SanDI (Stratagene) and analyzed with PFGE (CHEF Mapper; BioRad Laboratories) with 10 g/L agarose gels (SeaKem Gold; Lonza) prepared with 0.5ϫ Tris-Borate-EDTA buffer, 10ϫ concentrate (Sigma-Aldrich). Electrophoresis was run at 14°C for 20 h under the following conditions: field, 6 V/cm; angle, 120°; initial switch time, 5 s; final switch time, 40 s; linear ramping. S. aureus strain NCTC8325 (NRS77) (20 ) was used as the size calibrator and was placed in multiple lanes on each gel. DNA in the gel was stained with SYBR Gold (Invitrogen) and analyzed with the ChemiGenius imaging system and the system's GeneTools and GeneDirectory software (Syngene). Band matching was performed according to the method of Dice (21 ) , and results were plotted as an unweighted pair group method with arithmetic mean (UPGMA) dendrogram.
DLA-BASED TYPING
The typing procedure (Fig. 1) begins with the injection of cells into a minireactor system, where genomic DNA is isolated, purified, digested with restriction enzyme, tagged, and eluted. An aliquot of the restriction digest is taken for PFGE analysis as a control for DNA preparation; the remaining prepared DNA molecules are analyzed with the DLA system. A brief description of the stages of DLA typing is presented below (see Supplemental Data in the online Data Supplement for details and auxiliary procedures).
ISOLATION AND TAGGING OF GENOMIC DNA
Single colonies were inoculated into 5 mL trypticase soy broth (Becton Dickinson) and grown overnight with vigorous shaking at 35°C. Cell cultures were adjusted to 1.5 absorbance (A) at 600 nm, and 100-L aliquots were processed in the minireactor (15 ) . Enzymes used in samplepreparation protocols included lysozyme, lysostaphin, and achromopeptidase from Sigma-Aldrich; proteinase K from Invitrogen; and a pyrimidine-specific RNase mixture, DNAse free (RNase, DNAse-free from Roche). We used synthesized fluorescent bisPNA 268 (14 ) with the sequence(N)-Cys(ATTO550)-OO-LysLys-TCTTTCTC-OOO-JTJTTTJT-LysLys-(C), where T, C, J, O, and ATTO550 are thymine, cytosine, pseudoisocytosine, 8-amino-3,6-dioxaoctanoic acid, and ATTO550 fluorophore (ATTO-TEC), respectively. Tagged DNA was removed in ten 100-L fractions from the minireactor by reverse elution out of the injection port, analyzed on an ethidium bromide-prestained E-Gel (Invitrogen), and quantified photometrically with the ChemiGenius imaging system and phage DNA (New England Biolabs) used as a size calibrator.
SINGLE-MOLECULE MEASUREMENTS
For DLA measurements, the DNA sample was diluted to 2 ng/L in 1ϫ Tris-EDTA Buffer 100ϫ concentrate (Sigma-Aldrich), mixed with a 126-kb DNA length calibrator, intercalated with POPO-1 dye (Invitrogen) at a base pair/intercalator ratio of 3:1, and injected into a microfluidics chip. In this chip, the DNA molecules were stretched and moved through 3 spots of focused laser light. Two spots of light with a 445-nm wavelength excited the fluorescence of the DNA-bound POPO-1 dye. The corresponding fluorescence was detected in 2 independent detection channels to determine the length and velocity of the DNA molecule. The third spot of light with a 532-nm wavelength excited the fluorescence of the specific bisPNA tags, which produced bursts of photons. These bursts were aligned against the fluorescence image of the DNA backbone. The resulting single-molecule maps were identified in the continuous data flow by means of custom software.
The total time from the injection of cells to the end of the measurements is 7.5 h.
DATA ANALYSIS
The selected and interpolated traces were analyzed with custom software to identify restriction fragment maps for the sample. The software used several iterative stages of clustering similar molecules. In the first stage, we used a rank-based metric to estimate the similarity of each pair of traces expressed as a trace-to-trace distance. The trace with n most similar neighbors was selected as the center of a potential cluster, and these neighbors were declared a cluster. This procedure was repeated until all traces were divided into such preliminary clusters, each of which contained n ϩ 1 traces. The means of the clusters were used as seed templates for the final clustering step, which used k-means clustering with a probability-based distance metric.
Data processing corrected the distortion of the maps caused by the accelerated movement of very long DNA fragments. This correction was achieved by finding the correction that produced an optimal correspondence between the average maps of head-first and inverted tail-first fragments.
To compare 2 samples quantitatively, we used the sample similarity index (SSI) as a measure of similarity. This parameter was used to generate a phylogenetic tree via a standard algorithm (22 ) .
Results
DLA
The optimal lengths of DNA fragments for DLA are between 100 kb and 250 kb. Although SmaI is the most widely used enzyme for single-digest PFGE analysis of S. aureus (4 ) , it produces a mean of only 5 fragments in the desired size range for DLA, which allows comparisons for only approximately 20% of the genome. After analyzing known genomic sequences, we selected SanDI, which produced a mean of 10 fragments in the same size range, for a coverage of approximately 50% of the genome (see Table 3 in the online Data Supplement). To confirm the utility of this selection, we compared the restriction digests of known but nonsequenced strains used as a control in this study (see Table 1 in the online Data Supplement) with either the SmaI or the SanDI enzyme (see Fig. 1 in the online Data Supplement). SanDI digests produced larger numbers of fragments in the range of 100 -250 kb.
DLA provides 2 levels of information. First, similar to PFGE, it can be used for DNA sizing and therefore for macrorestriction analysis, albeit in a narrower size range. As illustrated by the study of the sequenced strain Mu50 (23 ) , multiple clusters of DNA molecules between 35 and 90 m are observed in the DLA scatter In addition to the times presented in the diagram, the procedure requires about 15 min to measure the DNA concentration.
plot (Fig. 2) . Each cluster represents a certain restriction digest fragment (the patterns of the electrophoresis bands and DLA clusters can be compared in Fig. 2, A and B, respectively). The positions of the clusters along the abscissa correspond to the lengths of the DNA fragments measured in micrometers, which are proportional to the genomic lengths of the DNA measured in kilobases (13 ) . The accuracies of length determinations are typically within Ϯ2%-3%. We obtained experimental genomic lengths of 110.3, 159.4, and 230.8 kb for the 109.7-, 158.7-, and 231.5-kb fragments, respectively (Fig. 2C) . Because of the high sensitivity of DLA, the clusters were obtained after 120 min of measurement; these clusters included several hundred copies of each orientation (head-first and tail-first) for each fragment.
The maps of the bisPNA-binding sites for every digest fragment provide the second level of information from DLA (see Fig. 2C for maps of 3 fragments). Two separate optical traces are produced for each DNA fragment species, because molecules pass the detector in both head-first and tail-first orientations. The presence of 2 mirror images of the same map formed with an equal number of molecules is an internal control for a correct measurement. The experimental images are similar to the expected theoretical maps calculated from the genomic sequence.
We successfully detected all expected (based on sequence) fragments in the range of 100 -250 kb for every sequenced strain, except for 3 cases (see Table 3 in the online Data Supplement). We observed a 193-kb fragment instead of the expected 152-kb fragment for both the Mu50 strain and the closely related Mu3 strain (23 ), and we detected a 179-kb fragment instead of the expected 164-kb fragment for the USA300 strain (24 ) . The presence of these fragments instead of the expected ones was confirmed by PFGE analysis (Fig. 1C in the online Data Supplement). According to the DLA maps, 1 side of the 193-kb fragment is very similar to the expected 152-kb fragment in both the Mu50 and Mu3 cases (Fig. 2 in the online Data Supplement). The ability to measure maps not only enabled recovery of genomic information but also enabled us to distinguish fragments of similar lengths that would be indistinguishable by PFGE. Therefore, resolved clusters in the DLA scatter plot are not necessary for sizing because
Fig. 2. Analysis of SanDI restriction digest of DNA from S. aureus strain Mu50 by PFGE (A) and DLA (B, C).
The scatter plot presents the mean intensity of intercalated DNA against the lengths of the DNA fragments (B). Measured head-first (green) and inverted tail-first (blue) traces and theoretical maps (red) presented for 110-, 159-, and 231-kb fragments (C). a.u., arbitrary units. each restriction fragment is identified by its map. In addition to the sequenced strains, we also measured 10 S. aureus strains (see Table 1 in the online Data Supplement) that represent the major pulsed-field types (PFTs) in the US (4 ) to expand the database with additional characterized strains.
STUDY OF CLINICAL SAMPLES
DLA analysis was applied to 52 S. aureus isolates obtained from MAH. The maps of every isolate were obtained for restriction fragments in the range of 100 -250 kb and were used to assess strain similarities. To compare the strains quantitatively, we used the SSI, which both took into account the degree of similarity between the matching maps and combined the information obtained from multiple fragments.
A visual comparison of the fragment maps reveals the resolving power of DLA. For example, we identified 9 fragments for isolate MA1135. Each of these fragments is similar to 1 of the 9 fragments detected for USA300 (see Table 3 in the online Data Supplement); however, only a few MA1135 fragments matched some of the 10 fragments detected for Mu50. Maps of the fragments detected between 170 kb and 240 kb for these strains are presented in Fig. 3 . Every fragment of the MA1135 isolate (179, 180, and 204 kb) exhibits a map exactly matching the map of the corresponding fragment of the USA300 strain. Conversely, only 2 fragments of MA1135 (180 and 204 kb) are similar to the maps of the 178-and 202-kb fragments of Mu50, which also has 193-and 231-kb fragments having no counterparts in MA1135.
To test reproducibility, we measured our control strain NCTC8325 seven times (Fig. 3 in the online Data Supplement presents overlays of the 7 replicates for the 9 fragments). The absolute intensity of the traces varies because of variations in optical alignment; however, this variation does not influence the calculation of SSI, which uses a normalized correlation coefficient. The important features of the traces-the positions of the peaks and their relative intensities-are very reproducible (normalized traces for 2 of the fragments are presented in Fig. 4) . A comparison of these data sets gave SSI values between 1 and 0.99; therefore, isolates with SSI values Ն0.99 were considered identical. Most of the isolates were analyzed twice with minor variations in the protocol (see Table 4 in the online Data Supplement). We found that maps of shorter fragments were not always reproducible, likely because of the difficulty of clustering molecules with a small and variable number of tags. Therefore, we included in our analysis only fragments in the range of 120 -250 kb, which yielded identical or nearly identical results (mean SSI, 0.99) in replicates.
The analysis involved comparing every pair of all 71 measured strains. Each comparison produced an SSI value, and the resulting SSI matrix was transformed into a dendrogram by the Fitch-Margoliash leastsquares method (22 ) .
All strains known to be related are close on the dendrogram (Fig. 5) . The USA800 strain is located near the type USA100 cluster (4 ). These 2 major PFTs share multilocus sequence type (MLST) 5 (4, 25 ) . The branch containing USA100 also includes a tight cluster of the closely related Mu50 and Mu3 strains (4 ) . A second large cluster contains both of the USA300 strains analyzed (4, 26 ) . The common laboratory strain NCTC8325 and the derived strain SA113 (27, 28 ) cluster together. Sanger252 (29 ) , a strain of the USA200 PFT, clustered with the USA200 type isolate. Sanger476 (29 ) is closely related to MW2 (30 ) and is located near MW2, a strain of USA400 (4 ). The USA500 PFT strain is closely related to the USA300 strains. These 2 PFTs share MLST type 8 (4, 25 ) . Control strains, oxacillin-resistant isolates, and oxacillinsusceptible isolates are presented in black, red, and green, respectively. Roman numerals correspond to the PFGE types (see Fig. 6 ).
Our analysis revealed remarkable diversity for strains isolated within a narrow span of time from a single hospital laboratory. Despite this diversity, however, the isolates were not scattered all over the tree; instead, they formed well-defined clusters, either around known strains or between themselves.
As an independent confirmation of strain similarity, we performed a macrorestriction analysis with SmaI digests of the known strains and 52 isolates (see PFGE gels in Fig. 4 of the online Data Supplement). We grouped the isolates in the gels according to their proximity on the SSI dendrogram. Most isolates closely related by DLA-based analysis were also found closely related by the method of Tenover et al., in which strains differing by 3 or fewer bands are predicted to be closely related (31 ) .
The PFGE data were also compared with the Dice similarity method (21 ) and plotted on a UPGMA type dendrogram (Fig. 6) , which is standard practice in PFGE analysis. Most of the results were in agreement with the DLA analysis. Strains USA300 and MA1135 were found to be nearly identical. Also closely related were strains NCTC8325 and SA113, Sanger252 and USA200, and Sanger476 and MW2. The most notable difference was the apparent homology of Ͻ40% for closely related strains Mu50 and Mu3. This artifact was a result of a slight "smiling" distortion on the electrophoresis gel. Although the samples were run on the same gel (see Fig. 1A in the online Data Supplement) and separated only by the molecular weight calibrator, the distortion led to the failure of the molecular weight normalization and therefore of the relatedness evaluation. This error illustrates the stringency of the experimental requirements required for PFGE-based macrorestriction typing and the difficulty in comparing data obtained from different laboratories.
To compare PFGE-and DLA-based typing, we identified 6 PFGE types, which we obtained by considering the strains belonging to the same branch of the tree that also belonged to the same subtype (marked with roman numerals in Fig. 6 ). This PFGE typing corresponds very well to that of the DLA tree, in that PFGE types also form clusters (roman numerals in Fig. 5 correspond to the PFGE typing). There are only 3 exceptions-isolates MA1148, MA1124, and USA800 (PFGE types IV, III, and I, respectively). In both PFGE and DLA typing, however, MA1148 does not closely match other strains. MA1124 is close to MA1155 on the DLA tree. These strains are similar according to PFGE analysis with the SmaI restriction enzyme by the analysis of Tenover et al. (3 band difference), and they are identical according to the PFGE analysis with the SanDI restriction enzyme. The USA800 strain is similar to the USA100 type cluster by MLST (4, 25 ) ; hence, DLA typing in this case is more accurate than PFGE. Therefore, the PFGE-and DLA-typing differences are small.
Methicillin-resistant strains (shown in red in Fig.  5 ) obtained from MAH clustered mainly into 2 groups, The strains were digested with SmaI, compared by means of Dice similarity coefficients with a 3% molecular weight tolerance, and plotted on a UPGMA type dendrogram. All lanes were normalized to restriction fragments generated from sequenced strain NCTC8325 (NRS77). Strain types are enclosed in red boxes and marked with roman numerals. USA300 and Mu50. These methicillin-resistant families are among the most commonly reported in the US (4 ) . To evaluate the potential of DLA analysis to predict antibiotic resistance, we computed similarities based on the number of strains within a fixed SSI distance from the test sample. The results from a set of hospital (MAH) isolates yielded a 95% accuracy for predicting methicillin resistance (see Fig. 5 in the online Data Supplement).
Discussion
We have demonstrated successful application of DLA to microbial genotyping. The discriminatory power of DLA-based typing was at least as good as the macrorestriction typing method typically used in clinical laboratories. Strains of known sequence provided patterns closely matching those of predicted templates and clustered tightly with closely related strains. The data were reproducible even when samples were prepared with variations in the protocol.
DLA-based typing, however, has advantages over PFGE-based techniques, in which a substantial source of the error is due to the measurements of fragment size, which are sensitive to distortions in the gels. Because of the stringent requirements for PFGE gel quality, the experiments require skilled technicians, and comparing data from different laboratories is complicated (4, 8 -10 ) . Inherent uncertainties are introduced by the inability to distinguish between different fragments of similar lengths from different genomes or to distinguish between multiple fragments of similar lengths from the same genome. In the latter case, fuzzy overlapping bands complicate determination of the actual numbers and lengths of the fragments. Finally, preparation of the samples in agarose plugs and conducting the PFGE can lead to a very lengthy overall analysis, typically 24 h for S. aureus (4 ) .
The most important improvement introduced by DLA is the ability to distinguish fragments not only by length but also by sequence-dependent patterns. Although DLA analyzes fragments within a relatively narrow size range and therefore may cover a smaller proportion of the genome than PFGE, this disadvantage is overcome by very high resolution of the bisPNA maps for the fragments analyzed. Fragments of the same length that are indistinguishable by PFGE analysis can be easily separated, identified, and compared with DLA. DLA-based typing is also faster (currently 7.5 h) and can be fully automated.
The genome of S. aureus is conserved, and resistance to many antibiotics, such as methicillin (32, 33 ) , resides in special gene cassettes in its genome. Once cassette insertion has occurred and the strain expands clonally, all subsequent generations will be antibiotic resistant. Therefore, the ability to type S. aureus strains may have power for predicting antibiotic resistance. This approach, based on macrorestriction typing, has indeed been shown to be partially predictive of antibiotic resistance in S. aureus strains (5, 6 ) . The ability of DLA to predict methicillin resistance was found to be 95% accurate with the MAH isolates.
New mechanisms of antibiotic resistance emerge quickly in microbial populations, either by gene transfer (34 -37 ) or by mutation (34, 36, 38, 39 ) . Therefore, no typing-based technique can be completely reliable in predicting antibiotic resistance. One could largely compensate for this drawback by monitoring the local microbial populations (for both emergence of new strains and antibiotic resistance) and updating the database. Use of the dynamic database approach is expected to be especially successful with DLA, because the analysis is performed digitally and the results can be easily shared.
The data we have presented with S. aureus as a test species support the potential of DLA to type microorganisms. Similar to macrorestriction typing, this approach analyzes long restriction fragments; however, it also uses pattern recognition of maps of sequencedependent tags. DLA-based typing is sensitive and can be applied to mixtures of microorganisms. It also is faster than macrorestriction typing, is less sensitive to variations in the measurement procedure, and can be automated.
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